Abstract The objectives of this study were to determine whether recombinant human bone morphogenetic protein-2 (rhBMP-2) can be used as the sole stimulator of osteogenesis with success equal to an autologous graft in posterolateral lumbar fusion (PLF) at the same level and to describe the progress until bone union. This study included 11 patients who underwent PLF of L4-5. On the right side, only rhBMP-2, for which polylactic/glycolic acid (PLGA) was used as a carrier, was used, whereas, on the left side, autogenous bone was used. The bone union rate was 73 and 82% at 12 and 24 months after surgery, respectively, on the right BMP side, while the rate on the autogenous bone side was 91%. There was no statistically significant difference in the bone union rate. rhBMP-2 can be used as the sole source of osteogenesis with success equivalent to an autologous graft of the PLF.
Introduction
Recently, posterolateral lumbar fusion has been performed for lumbar spinal disorders, including discogenic pain, degenerative spondylolisthesis, large intervertebral disc herniation and unstable stenosis. However, spinal fusion has two potential problems. One is pseudoarthrosis, which occurs at a rate of 5-35% after spinal fusion using autogenous bone grafts [6, 11, 20] . In addition, donor site problems occur in approximately 25% of cases after autogenous bone grafts from the iliac crest [1, 2] . A variety of procedures have been developed to increase the bone union rate and reduce complications [3, 10, 13, 21] ; unfortunately, no procedure has been developed to replace autogenous bone grafts in posterolateral spinal fusion.
Bone morphogenetic proteins (BMPs) are a possible substitute for autogenous bone grafts. In 1965, Urist et al. discovered the extracellular matrix of bone that can induce new bone [22] . Later, this matrix was named bone morphogenetic protein (BMP). In 1988, BMPs were isolated, cloned and sequenced for the first time [24] . Rodents, canines, sheep and rhesus monkeys were used as models in studies of these proteins. Recombinant human BMP-2 (rhBMP-2) and recombinant human BMP-7 were reported to be possible substitutes for autogenous bone grafts in studies using animal models [9, 12, 14, 15, 17] .
In 2002, rhBMP-2 on an absorbable collagen sponge (ACS) carrier (INFUSE® Bone Graft) was approved by the US Food and Drug Administration (FDA) as an autograft replacement only for an interbody spinal fusion procedure after a number of preclinical and clinical investigations [16] .
Although there have been a few reports on the application to human spine fusion [4, 5, 23] , BMP is not routinely used as a substitute for autologous grafts in posterolateral lumbar fusion (PLF). The objectives of this study were to determine whether rhBMP-2 can be used as the only source of osteogenesis with success equal to an autologous graft of the monosegmental PLF at the same level and to describe the time course until bone union.
Materials and methods

Study design
A prospective case-control clinical study was conducted, which included 11 patients who underwent PLF of L4-5. All patients underwent surgery for the same level. On the right side, only rhBMP-2, for which polylactic/glycolic acid (PLGA) was used as a carrier, was used, whereas, on the left side, autogenous bone obtained from the iliac crest was used. Pedicle screws were used for fixation in all cases. Follow-up was conducted at 6, 12 and 24 months after surgery and then annually.
Patient selection criteria
Patients with Meyerding classification I or less degenerative spondylolisthesis of L4, large herniation of L4-5 or unstable stenosis of L4-5 were included in the study. Conditions were diagnosed according to the clinical history, symptoms, and physical and image findings. All patients experienced numbness in the lower extremities and intermittent claudication with and without lumbago. Before surgery, all patients underwent conservative therapy (bed rest, physical therapy, medications, spinal injection or manipulation) for more than six months, which was unsuccessful. Patients, who underwent spinal fusion, but required postoperative medications that interfere with fusion (e.g. steroids, chemotherapy agents), had a history of malignancy or received treatment for infections were excluded from the study.
Patient population
We performed monosegmental PLF of L4-5 in 11 patients between May 1999 and 2000. Patients ranged in age from 39 to 74 years (mean: 56 years) and consisted of four males and seven females. Follow-up continued for at least 24 (mean: 61) months after surgery.
Surgical technique
The fourth and fifth lumbar vertebrae were exposed through the posteromedial approach, and partial laminectomy of L4 was performed. The facet joint and transverse process between L4 and L5 was decorticated posterolaterally. After pedicle screws had been inserted into L4 and L5, the bone graft was transplanted posterolaterally. Eight grams of autogenous bone from the iliac crest was transplanted into the left side of the lumbar vertebrae, while a 10-ml (15 mg) solution containing rhBMP-2 (1.5 mg/ml) was used on the right side, using PLGA as a carrier. The concentration of rhBMP-2 (Yamanouchi Pharmaceutical Co. Ltd., Tokyo, Japan) was adjusted using a buffer solution [5 mmol/l glutamic acid, 2.5% glycine, 0.5% sucrose, 0.01% Tween 80 (pH 4.5)].
Postoperative care
Two days after surgery, patients started ambulation with a corset. They were discharged two to three weeks after surgery. A brace was worn for six months after surgery and then removed.
Clinical outcome measurement
Patients were followed-up at 6, 12 and 24 months after surgery and then annually. The judgment criteria for treatment of lumbar spine disorders established by the Japanese Orthopaedic Association (JOA score) were used for the evaluation.
Radiographic outcome measurements
Plain X-rays and computed tomography (CT) were performed preoperatively and at 6, 12 and 24 months after surgery and then annually for the evaluation. Mobility of L4 and L5 was evaluated using lateral X-ray views of flexion and extension. If lumbar motion was more than 3°o r slipped more than 2 mm, it was evaluated as pseudoarthrosis. Also, posterolateral spinal osteogenesis was evaluated according to anteroposterior plain X-rays and coronal reconstruction CT views using four grades: 0=no osteogenesis, 1=only slight discontinuous osteogenesis between transverse processes, 2=discontinuous osteogenesis between transverse processes and 3=continuous osteogenesis between transverse processes. Two spinal surgeons scored each outcome independently. If there was a difference of opinion regarding a grade, the score was determined by mutual agreement. Definition of bone union was according to criteria of less than 3-°flexion and extension movement, less than 2 mm slip and an osteogenic score of 3. Fisher's exact probability test was used for statistical analysis.
Results
Patient follow-up evaluation All 11 patients were followed up. The average follow-up period was 61 months (24-72 months). With the exception of one patient, who died of heart disease two years and three months after surgery, and one patient, who moved from the area, all patients were followed up for more than five years.
Two patients underwent additional surgery due to adjacent intervertebral disorders during the follow-up period. One patient underwent decompression surgery for an upper adjacent intervertebral disorder two years and four months after surgery. In addition, another patient underwent spinal fusion (posterior lumbar interbody fusion) for an upper adjacent intervertebral disorder with instability six years after surgery.
Clinical outcome
Preoperatively, the average JOA score (up to 29) was 13.6± 4.8. The average scores at 6, 12 and 24 months after surgery were 26.7±2.0, 27.6±2.0 and 26.7±2.0, respectively. All 11 patients were evaluated for two years after surgery. Between two and three years after surgery, one patient died of heart disease and another presented with right hemiplegia due to cerebral infarction, neither of whom 1  R  2  2  2  2  2  2  L  3  3  3  3  3  3  2  R  3  3  3  3  3  3  L  3  3  3  3  3  3  3  R  2  3  3  3  3  3  3  L  3  3  3  3  3  3  3  4  R  1  1  3  3  3  3  3  L  3  3  3  3  3  3  3  5  R  1  3  3  3  3  3  3  L  3  3  3  3 
R right side, rhBMP-2 was transplanted, L left side, autogenous bone was transplanted could be evaluated using the JOA score. Three years after surgery, nine patients were evaluated with an average score of 26.7±2.0. Subsequently, one patient was not evaluated after moving from the area; therefore, eight patients were evaluated after the fourth year post surgery. At four, five and six years after surgery, the average JOA scores were 27.8±1.0, 27.0±1.5 and 26.6±4.3, respectively.
Radiographic outcome
All patients were evaluated using images until two years after surgery. Except for the death of one patient and another who moved, nine patients were evaluated for five or six years. According to lateral X-ray flexion-extension views of the lumbar region, no patient exhibited evidence of motion of 3°or more or slip of 2 mm or more in L4 and L5. In addition, no loosening of the pedicle screws was observed.
One year after surgery, the osteogenic score of both the left and right sides was 3 in seven cases; the osteogenic score of the left side was already 3 in every case except one. Two years after surgery, the osteogenic score of both sides was 3 in nine cases ( Table 1) .
The mean osteogenic score on the right rhBMP-2 transplanted side was 1.7, 2.5 and 2.7 at 6, 12 and 24 months after surgery, respectively ( Table 2 ). Although only one patient scored 3 at six months after surgery, eight patients scored 3 at 12 months and nine patients scored 3 at two years. Bone union progressed until two years after surgery, while no change was observed after that time. Bone union was determined in 1, 8 and 9 of 11 patients at 6, 12 and 24 months, respectively. The bone union rate was 9, 73 and 82% at 6, 12 and 24 months, respectively.
On the left autogenous bone transplanted side, the osteogenic score was already 3 in every case except for one at six months after surgery. No subsequent changes were observed. The bone union rate was already 91% at six months after surgery.
In the bone union rate between rhBMP-2 and autogenous bone, a statistically significant difference was observed only six months after surgery and was not apparent at 12 and 24 months after surgery. Fig. 1 Unstable lumbar canal stenosis of L4-5 was found Fig. 2 Six months after surgery, shell-like osteogenesis was evident on the right side into which rhBMP-2 had been implanted. Bone union had already started on the left side into which the autogenous bone graft had been implanted
Case presentation
The patient was a 48-year-old man with unstable lumbar spinal canal stenosis (Fig. 1) . Six months after surgery, shell-like osteogenesis was evident on the right side into which rhBMP-2 had been implanted. Bone union had already started on the left side into which the autogenous bone graft had been implanted. The osteogenic score was 2 and 3 on the right and left sides, respectively (Fig. 2) . Twelve months after surgery, bone union was progressing with a score of 3 on both sides (Fig. 3) . At 24 months, complete bone union was observed (Fig. 4) .
Discussion
Many studies have reported posterolateral lumbar fusion with rhBMP-2 in animal models [7, 15, [17] [18] [19] . Sandhu et al. [17] reported that they transplanted rhBMP-2 with a collagen sponge as a carrier in their study of posterolateral lumbar fusion in canines and that 100% bone union was obtained at 12 weeks. In addition, Sandhu et al. [18] also reported that rhBMP-2 precluded the need for decortication. Fischgrund et al. [7] reported that a larger fusion mass could be obtained by adding rhBMP-2 to an autogenous bone graft. Martin et al. [15] found that a larger amount of Fig. 4 Twenty-four months after surgery, complete bone union was observed Fig. 3 Twelve months after surgery, bone union was progressing with a score of 3 on both sides rhBMP-2 compared with what had been effective in other animal models would be needed to demonstrate effectiveness in primates.
Based on these findings, a few studies have been performed with human subjects [5, 8] . In 2002, rhBMP-2/ ACS INFUSE® Bone Graft received FDA approval as an autograft replacement for an interbody spinal fusion procedure after a number of preclinical and clinical investigations [16] .
This approval was just based on the clinical studies for anterior lumbar interbody fusion (ALIF). After this FDA approval, this rhBMP-2/ACS INFUSE® Bone Graft was applied for posterior lumbar interbody fusion (PLIF) and transforaminal lumbar interbody fusion (TLIF) [16] . This is the first study in which the monosegmental PLF at the same level was performed and patients were followed up for a mean period greater than 60 months. In addition, the bone union rates within individual patients were compared between rhBMP-2 and an autogenous bone graft, which eliminated the influence of interindividual differences and also provided a more accurate comparison.
Boden et al. [5] reported a prospective, randomised clinical pilot trial that evaluated the use of rhBMP-2 with a biphasic calcium phosphate carrier in single-level posterolateral lumbar fusion. The mean follow-up period of their study was 17 months. Three cohorts were used in this study: five patients were treated with iliac crest bone graft with posterior instrumentation (control group), 11 patients were treated with rhBMP-2/biphasic calcium phosphate with instrumentation and nine patients were treated with rhBMP-2/biphasic calcium phosphate without instrumentation. At 17 months only two of five patients with iliac crest bone graft exhibited fusion compared with fusion in all of the patients treated with rhBMP-2.
Glassman et al. [8] performed posterolateral lumbar fusion with pedicle screw implantation in 38 patients. In their study, 20 mg rhBMP-2 was used bilaterally with bovine collagen/hydroxyapatite and tricalcium phosphate as a carrier. Bone union was originally scored from 1 (no fusion) to 5 (solid bilateral fusion) for evaluation. One year after surgery, the score was 4.62, which was better than the 3.77 of PLF with autogenous iliac bone graft and pedicle screw that was simultaneously performed. They reported that rhBMP-2 provided a more rapid, firmer bone union than autogenous iliac bone after posterolateral fusion.
In our study, bone fusion progressed for two years after surgery, with a bone fusion rate of 9, 73 and 82% at 6, 12 and 24 months, respectively, for the right rhBMP-2 side, while the rate was 91% on the left autogenous bone side. Statistically significant differences in bone fusion were observed only six months after surgery. The use of rhBMP-2 would eliminate the harvesting of autologous bone graft from a patient and the resulting potential complications. Therefore, rhBMP-2 could reduce complications. rhBMP-2 can be used as the sole source of osteogenesis with success equivalent to an autologous graft of the PLF.
Our bone fusion rate with rhBMP-2 was less than the rate reported by Boden et al. [5] , which was virtually the same as the results reported by Glassman et al. [8] . In our study, the autologous bone graft side was able to obtain better fusion rate (over 90%) compared with another study. We applied 8 g autologous bone from the iliac crest, and we consider that this amount of bone might be appropriate for good posterolateral fusion.
Patients were followed up for a mean of 61 months. Clinical improvement was observed within the first six months after surgery and was likely to then show slight deterioration over time; however, the JOA score six years after surgery was as favourable as 26.6±4.3. In our study, bony formation with rhBMP-2 progressed up to two years after surgery. This suggests that posterolateral bone fusion should be determined by two years after surgery. During the follow-up period, no complications, such as surgical wound inflammation or allergic reactions to rhBMP-2, were observed.
Conclusion
We performed monosegmental PLF at L4-5 in 11 patients. On the left side, autogenous bone from the iliac crest was transplanted, while rhBMP-2 was transplanted on the right side, with polylactic/glycolic acid (PLGA) as a carrier. Clinically significant improvement was observed within six months after surgery. With the exception of two patients who required additional surgery, the postoperative course was uneventful for six years.
Bony fusion progressed until two years after surgery. There were no statistically significant differences between rhBMP-2 and autogenous bone grafts. rhBMP-2 can be used as the sole source of osteogenesis with success equivalent to an autologous graft of the PLF.
